The dewatering of the sludge with loss on ignition between 50 and 65% will have a maximal drainage on the order of 0.008-0.020 L/s/m 2 . Dewatering of the sludge with loss of ignition higher than 65% of dry solids will have a maximal drainage on the order of only 0.001-0.004 L/s/m 2 , approximately five to 10 times lower. It can be seen that there is a tendency for the achievable dewatering result to increase with the decrease of loss on ignition or fat in the feed sludge.
INTRODUCTION
Sludge Drying Reed Beds (SDRB) for sludge dewatering and mineralisation have existed in Europe since the late 1980s. In Poland, Sweden, Norway, Germany, and Spain many systems have been established. In France there are approx. 300 facilities and the largest is dimensioned for 600 tonnes of dry solids. In Denmark more than 120 systems are in operation and the majority of systems today have a capacity of up to 200-1,000 tons of dry solids per year. The largest of these systems were put into operation with a capacity of 2,000-3,500 tons of dry solids per year. It is commonly accepted that reduction of the amount of sludge occurs in SDRBs (Liénard et al. 1995; Nielsen 2003a, b; Obarska-Pempkowiak et al. 2003 ) with regard to both dewatering (drainage and evapotranspiration) and mineralisation. The dimensioning of SDRBs is based on the sludge production, its quality and the organic load acceptance (Nielsen 2003a, b) . Several investigations have been done on the dewatering and mineralisation efficiencies of SDRBs used for surplus activated sludge (SAS) from waste water treatment plant (WWTP) (Liénard et al. 1995; Begg et al. 2001; Pempkowiak & Obarska-Pempkowiak 2002; Nielsen 2003a, b; Huertas et al. 2004; Peruzzi et al.2007; Giraldi et al. 2009; Troesch et al. 2009; Uggetti et al.2009a, b) on systems with a general design of 50-60 kg ds.m À2 .yr À1 (Nielsen 2003a (Nielsen , b, 2008 with a load (10-30 kg ds.m À2 .yr À1 ) during the commissioning period, which seems to be the general recommendation. Correct dimensioning, construction and operation of the basins ensure long operational periods (8-12 years) and effective dewatering, as well as good decomposition of the organic solids (Nielsen 2003a) .
OPERATION
Dimensioning of the SDRB is based on sludge production (tons of dry solids per year), sludge quality and climate.
The system consists of several basins constructed in parallel and alternately fed in such a way that allows sufficient rest period for dewatering and progressive mineralisation of the sludge residue (Nielsen 2003a (Nielsen , 2005 . It is important that the individual basins receive a rapid loading of short duration followed by a fast dewatering and aeration of the sludge residue. A good indicator of the proper aeration of the sludge is that the upper layer, in particular, becomes cracked and broken during the resting phase. If this cracking does not take place it is due to ineffective dewatering of the sludge and the sludge residue forming a permanent wet and anaerobic layer.
Loading
Loading, depending on the sludge quality, must be planned in such a way as not to inhibit development of the reeds and to prevent the sludge residue from staying permanently wet and growing so fast that the reeds cannot develop according to their growth requirements. In order to achieve the necessary balance between loading and resting periods, and to meet the requirements of long treatment and dewatering periods for the sludge residue, it is recommended that the systems have a minimum of eight basins. This is in order to achieve the required ratio between periods of loading and resting (Nielsen 2003a (Nielsen , 2005 during the operation. It is crucial for the effectiveness of the dewatering as well as the mineralisation process that the operation of the individual basins alternates between loading and resting periods. A system's load cycle is typically organised so that the basins after the running-in period are loaded over a period of between approximately 3 and 8 days, followed by a resting period of between approximately 40 and 50 days. Each basin is loaded with one to three loads daily during the load period and is assigned a discharge volume quota to be loaded within these circa 3 to 8 days, after which the loading proceeds to the next basin (Table 1) .
Dewatering
In a SDRB the dewatering process is governed by the temperature, wind, gravity, vegetation and the sludge quality (Nielsen 2003a (Nielsen , b, 2008 . The draining of the discharged sludge volumes will generally result in drainage peaks throughout the load period and ending a few (1-2) days after the period's last load. During the following rest period, extra dewatering occurs due to evapotranspiration, which, especially during the growing season where the vegetation is active, dries out the sludge residue even more. Development of a dewatering profile for the entire load for one basin, which is the drainage of all loads in the sludge volume load quota, typically occurs such that the drainage of the first load is fastest, after which the following loads drain at the same rate or gradually more slowly. The drainage of all individual loads generally proceeds to the base value (Nielsen 2003a) .
The reeds (Phragmites australis)
The reeds are important to the extent of reduction in the sludge volume. It is important that the vegetation receives suitable conditions to establish itself and grow in the sludge residue. The reeds contribute to dewatering the sludge via increased evapotranspiration from the sludge residue and by mechanically influencing the sludge residue. The presence of the reeds contributes to the mineralisation of the organic matter in the sludge, i.e. by improving dewatering and consequently the oxygen diffusion via the sludge surface and the roots (Nielsen 2003a ).
RESULTS AND DISCUSSION
The Nakskov SDRB is one of the oldest facilities in Denmark and in 2010 is in its 20th year of operation with a prognosis of emptying the last of the 10 basins in 2011. The Helsinge SDRB began an emptying phase in 2005, and finished the emptying of the last three basins in 2008-12 years after operation began, and Nordborg SDRB is going to start up the emptying in spring 2011. Because of the system design, the operation (Table 1) , the efficiency of the treatment and sludge quality, the treatment process observed in Nakskov, Helsinge and Nordborg SDRB had resulted in a healthy stand of reeds, good dewatering and visible channels and cracks in the residual sludge in the various layers due to desiccation during resting periods, indicating a good ratio between loading and resting periods for the quality of the applied sludge (Table 2) . Based on experiences from the last 22 years' operation of SDRBs, the most common operational problems are insufficient dewatering and poor vegetation growth ( (Nielsen 2005) . These symptoms were observed in some Danish SDRB (Kolding, Skive, Tinglev, Skagen) and Swedish SDRB (Kristianstad, Skö vde). In a poorly run facility the symptoms are observed in the low degree of dewatering, the rapidly growing residual sludge layer and in the vegetation. Vegetation becomes stressed, fails and wilts and holes in the vegetation coverage result.
Efficiency of the treatment
In spite of a large number of basins (Table 1) , short loading periods and long resting periods, wet sludge residues developed in Kolding, Skive, Tinglev, Skagen, Kristianstad and Skö vde. Such a structure of the residual sludge layer, where the upper layers, in particular, did not crack and break up during the rest phase is normally not observed during treatment of activated sludge in Helsinge, Nakskov and Nordborg, where the alternating operation creates a very open and cracked sludge layer. The moist residual sludge acts as a wet seal, which prevents aeration and keeps the growth conditions anaerobic. Experience shows that there will be methane production as long as the sludge residue is wet. An investigation of methane gas production in a well functioning reed beds system (Helsinge) demonstrated (Damgaard et al. 1998 ) that production of methane from the wet sludge residue occurred in the first 1 or 2 days after a loading phase until the residual layer became suitably dewatered, then there was no registration of methane.
The vegetative growth will be inhibited and an insufficient or even no root and rhizome development in the residual sludge layer will have been apparent (Tinglev, Kristianstad, Skö vde, Skive and Skagen). The mechanical activity, which can break up the sludge residue and improve the dewatering efficiency and the aeration, will be reduced. This leads to a situation which has been observed in some systems (Skagen, Kristiansted, Skive, and Tinglev), where a wet sludge residue and anaerobic conditions have been maintained.
Because of the poor drainage and the permanent high water content (dry solid o10-15%) in the residual sludge a permanent production of methane occurred, which resulted in less than 100% vegetation coverage (Kolding, Kristianstad, Skive), and in some cases the vegetation completely disappeared from the basins (Tinglev). The environmental conditions in the residual sludge will worsen for reed growth and various animals, particularly earthworms, which normally live in the residual sludge, and result in stressed and dying vegetation.
Dewatering
In sewage sludge suspension four different types of water can be distinguished. These are free water, which is not bound to the particles, interstitial water, which is bound by capillary forces between the sludge floccules, surface water, which is bound by adhesive forces, and intracellular water (Kopp & Dichtl 2000) . Dewatering the free water concentrates the sludge to a dry solid content of about 15%. Further dewatering by removal of the capillary water concentrates the sludge to a dry solid content of about 50%. The remainder of the water in the sludge may be removed by drying (Nielsen 1991) . At a properly functioning reed bed facility, the dewatering of the feed sludge with the loss on ignition is between 50 and 65%, with low contents of fat (4,000-8,000 mg/kg ds) and oil (50-2,000 mg/kg ds) as seen in Helsinge, Nordborg and Nakskov (Figure 1, Table 2 ) will have curves with clear peaks with a maximal drainage on the order of 0.008-0.020 L/s/m 2 or larger.
Drainage observed starts already during the loading or shortly after of each load, which normally takes 1-2 h and the flow quickly increases to a maximum level (Figure 2A-B , Table 2 ). During approximately 15-24 h the drainage flow will decrease back to its base value again before the next loading starts. There is no flow in the resting periods. The majority of the loaded volume in each load will be drained away and including the evaporation the dewatering will result in final dry solids content in the sludge residue before emptying between 20 and 37% ( Table 2 ).
The quality of the sludge residue was identified from samples taken in Nordborg, Tinglev, Skö vde, Skagen, and Kristianstad during treatment. In Helsinge, Nakskov, Kolding and Skive the samples were taken at the end of the treatment after the resting period. In some systems (Tinglev, Kolding, Skagen, Skive and Krisitanstad) with sludge qualities with a loss of ignition higher than 65% (between 65 and 76%) of dry solid, with high contents of fat (15,000-30,000 mg/kg ds) and oil (2,300-7,000 mg/kg ds), the flow increases slowly and the dewatering profile is not a narrow peak (Figures 1 and 2C-E) . The profile is very often with a maximum level approximately five to 10 times lower (only 0.001-0.004 L/s/m 2 ).
The drainage flow decreases but very often too slowly to reach the base value before the next load. The majority of the loaded water volume would not be drained away within the first 24 h. The drainage seems to be more incomplete and stops with dry solids approximately between 5 and 15% ( Table 2 ). In the system in Skive it was not possible, even with very low area loads, to dewater the sludge to more than 3-7% dry solid (Table 2) .
Generally the sludge residue was only partially dewatered and stayed wet with a drainage flow in the resting periods for more than 40-50 days ( loading period. Systems treating sludge with low dewaterability where the dewatering is slow and even with permanent low dewatering of the sludge will have curves where the peaks are lower, wider and even instead of clearly separated into obvious peaks.
In facilities (Skive, Tinglev, Kristianstad, Skagen) it has been observed that the development of the drainage will gradually result in a dewatering profile with a low, more or less permanent flow without clear peaks from each basin ( Figure 2C-E) . The sludge residue is poorly dewatered and stays constantly wet or there may even be a permanent layer of water (Tinglev) on the surface of the residual sludge layer. The capacity of the SDRB is reduced if evapotranspiration takes place from basins with incomplete dewatering of the sludge and permanent wet sludge residue. The thickness of the residual sludge layer in the basins increases rapidly as a consequence of poor sludge dewatering and thus results in a short period of operation before emptying.
bound since the contact angle of organic particles is smaller than that of the inorganic particles, thus binding more water with capillary forces (Kopp & Dichtl 2000) . The volatile solids content or loss on ignition is the parameter of the sludge characterisation used most often for describing the dewaterability of sludge (Kopp & Dichtl 2000) .
This means that sludges with a high ignition loss are in general more difficult to dewater (Figure 3 ). It can be seen that there is a tendency for the achievable dewatering result to increase with the decrease of volatile solid content (Kopp & Dichtl 2000) . Comparing data collected since 2004 from more than 20 SDRB systems treating sludge with different qualities of fat, oil and loss on ignition (Figure 4) , it seems to be important that sludge qualities with high content of organic solid, especially fat and oil, have much lower dewatering efficiencies than systems treating sludge types with lower content of organic solid. It can be seen that there is the same tendency as seen with mechanical dewatering (Figure 3) for the achievable dewatering result to increase with the decrease of loss on ignition in the feed sludge. The organic content, especially fat, in the feed sludge has a negative influence on the achieved percentage of dry solid in the sludge residue.
It can be seen that there is a tendency for the achievable dewatering result to increase with the decrease of fat in the feed sludge (Figure 4) . The correlation indicates that if there is a fat concentration above 10,000 mg/kg ds the dewatering only results in a dry solid content of approximately 5% or lower. It has been observed that if the loss of ignition is higher than 65% of dry solid the feed sludge is unstable and the dewatering results in a dry solid content of approximately 10% or lower in the sludge residue ( Figure 4) .
The correlations clearly indicate that the operation problems observed in Tinglev, Skive, Kristianstad, and Kolding are due to the facilities being loaded with a sludge quality with a poor dewaterability. The sludge quality (loss of ignition higher than 65% (between 65 and 76%) of dry solid, with high contents of fat (15,000-30,000 mg/kg ds) and oil (2,300-7,000 mg/kg ds), which has been treated resulted in a slow dewatering and permanent high water content (only 5-15% dry solid) in the sludge residue (Table 2) .
CONCLUSION
Insufficient sludge dewatering is most often due to the quality of the sludge and to residual sludge with high organic content. The symptoms clearly indicate whether a facility is properly loaded in relation to the sludge quality. The symptoms of a poorly run facility are observed in the vegetation, the degree of dewatering and the growth of the wet anaerobic residual sludge layer. Vegetation becomes stressed and wilted and holes in the vegetation coverage result. There is a correlation between the content of organic solids in the feed sludge and the achieved percentage of dry solids in the sludge residue. The correlation shows that if the loss of ignition is higher than 65% of dry solids in the feed sludge the dewatering results in approximately 10% dry solid or lower in the sludge residue and in approximately 5% dry solid or lower in the sludge residue, if the fat concentration is above 10,000 mg/kg ds in the feed sludge. In systems treating sludge with high contents of fat (15,000-30,000 mg/kg ds) and oil (2,300-7,000 mg/ kg ds) and if the loss of ignition is higher than 65% (between 65 and 76%) the dewatering efficiencies only achieve 5-15% dry solid in the sludge residue. In systems treating sludge with low contents of fat (4,000-8,000 mg/kg ds) and oil (50-2,000 mg/kg ds) and with loss on ignition between 50 and 65% contents of organic solids the dewatering efficiencies achieve 20-37% dry solid in the sludge residue. A consequence of the sludge quality and the resulting increase in the thickness of the layer is to empty before the planned operational period was finished or even a complete operation stop. Dimensioning, number of basins and operation of the systems must be based on an analysis of the sludge quality, in particular the dewatering characteristics of the sludge and particularly the ratio between organic and inorganic solid. A large number of basins, low area loading and long resting phases to dry out are, thus, not necessarily sufficient to ensure healthy reeds, proper dewatering and mineralisation of the sludge if the quality of the sludge has too high a content of organic compounds including fat or oil. Generally, it is obvious that higher concentrations of organic solid result in lower dry solid % and more pronounced anaerobic conditions in the sludge residue.
